Decision making is an active area of research in simulation, systems engineering and artificial intelligence.
This is what appears in Figure 3 . The reason for generating routes between obstacles is because we use the obstacles as landmarks during navigation. If a direct (as clpposed to indirect which means the route touches an obstacle) route exists to the goal location, the reduced visibility graph will produce it since this is the shortest route to the goal.
The Simulator simulates each route of the produced graph and records the result.
The simulation is based on the physical and empirical models of the rover and the terrain.
The physical model includes specific characteristics such as translation (max 0.67 cm/see) and rotation speed, step climbing ability (max 19.5 cm), and specification for the hazard detection sensors (range of view is about 120 deg. with 30 cm max distance). We also incorporate empirical models for dead-reckoning error and hazard detection error (failure rate of 1 in 1000 given that hazard frequency is 1/100).
For the terrain, we use the Moore's model of rock sizefrequency distribution to create terrains of different rock sizes and frequencies.
More detail about this is discussed in Section 5. Using these models of the rover and the Martian surface, we perform multiple simulations of each route. There are several ways to proceed in the simulation.
To perform in real-time, it's preferable that we proceed in a breath-first manner; for example, in Figure  2 , we simulate routes to the first set of obstacles and then to the second set and so on. This approach is similar to the approach we have taken in our previous work in mission planning (Lee and Fishwick 1994) . To reduce the amount of computation, we use the A* search method if we can build a heuristic function which can estimate the cost of the remaining route. Another possibility is the branch and bound method used in the area of Operations
Research. Due to uncertainties which exist in the models, simulations must be performed multiple times using the available stochastic information to reduce the variance of the outcome variables.
The Plan Evaluator/Selector
evaluates the results of the simulations and selects a route for execution.
Currently, three elements are considered: 1) the outcome of plan failure or success;
2) the tchal time elapsed; and 3) final ]position of the rcwer. These elements can be cc~mbined into a single score but, because the objectives may be clifferent in different situations, we evaluate them individually and then select a plan according to a predetermined criterion.
EXPERIMENTAL DESIGN
In simulation, experimental design is a method of choosing whiclh configurations (parameter values) to simulate so that the desired information can be acquired with the least amount of simulating (Law and Kelton 1991). In experimental design terminology, the input parameters and structural assumptions composing a model are called factors and the output performance measures are called responses. Our experimental design approach to the SBP methc)d is to choose different rock distributions (both in terms of size and frequency) and different routes as our factors, and the simulation results according to the evaluation function as our responses. Thus, we vary two elements of simulation within the planning process: 1) the route; and 2) the terrain.
If the planning experiment is performed using the full factorial design approach, the number of combinations to simulate will be prohibitive.
However, optimization techniques such as response surfaces and metamodels can be used to alleviate the problem.
Currently, JPL is experimenting their Microrover by performing test runs on Mars analog terrains which has been created artificially by randomly placing rocks according to a rock size-frequency model developed by Moore (Moore and Jakosky 1989). Moore's model is based on data obt ained from images taken by Viking Lander 2. Since a similar rock density is expected for the Microrover experiment, the same model can be used. The original Moore's model for rocks down to a diameter of 0.14 m is represented by N = 0.013 D-2GG, where N is the cumulative frequency of rocks per square meter with diameters of D and larger. This model predicts that about 18.8% of the landing site area is covered by rocks. However, the model used by JPL so far in creating the actual test terrains is based on the modal value of the surface rock cover over the whole planet, which is estimated to be at 670. Once the rover is on Mars, the map that is generated from photogri~phs will be used to place rocks that are large enough to be obstacles in their absolute locations. The remaining terrain in between the large rocks can be estimated through the Moore's model during simulation. We can use any additional information that is available (distribution of rock sizes and frequency) of the landing site to design a non-uniform sampling distribution.
Initially, the sampling distributions are uniform.
By using visual information of the landing site, we can build rock distributions that are similar to the actual terrain characteristics.
The placement of these smaller (less than 23cm in diameter) rocks wi [1 be random.
If time permits, multiple simulations with different small rock placements will be performed. On a higher level, the percentage of rock cover can be varied to be between 6% to 19Y0. Figure  5 illustrates the variable factors in the simulation.
For the simulation, we use discrete time step simulation and the following algorithm:
While ( There are several advantages to the method of simulation-based planning:
1.
2.
3.
4.

5.
By employing models to simulate and predict the outcome of the process, we are able to capture the effects more accurately and completely (given that the models are built appropriately).
The use of simulation models allows us to use standard simulation analysis methods in tuning the simulation models to closely reflect actual processes.
The ability to use distributed object-oriented concept in planning without having, to reason about the combined effects of agent's actions or changes in the environment within one central node enables the evaluation of a plan as a natural result of simulating different mcldels in the system. The ability to "track" progress and performance during execution allows finer tuning of the execution process.
We can easily extend the set of models to include additional properties (especially properties that may be difficult to create physically such as creating the atmosphere of Mars) in testing plans.
Some potential difficulties exist in using simulation in the planning process. Defining appropriate models may be difficult and time consuming. The simulation process itself can be computationally intensive. Hc)wever, we plan to overcome this problem by varying the level of aggregation of our simulation models.
FUTURE WORK
Once the implementation of the rover problem domain in our Simulation-Based Route Planning (SBRP) system is finished, we will experiment with our method by building a response surface of the problem and then using various ways to search for the near optimal soluticms.
In the long term, we planl to extend our SBRP system to the domain of Air Force mission planning problems. 
